Background: AZD4547, a small-molecule inhibitor targeting the tyrosine kinase of Fibroblast Growth Factor Receptors (FGFRs), is currently under phase II clinical study for human subjects having breast cancer, while the underlying mechanism remains elusive. The aim of this study is to explore the potential mechanism by which AZD4547 inhibits breast tumor lung metastases at the level of the tumor microenvironment. Methods: First, through in vitro experiments, we investigated the efficacy of the FGFRs inhibitor AZD4547 on 4T1 tumor cells for their proliferation, apoptosis, migration, and invasion. Second, by in vivo animal experiments, we evaluated the effects of AZD4547 on tumor growth and lung metastases in 4T1 tumor-bearing mice. Finally, we examined the impact of AZD4547 on the infiltration of myeloid-derived suppressor cells (MDSCs) in lung, spleens, peripheral blood and tumor. Results: Through this study we found that AZD4547 could efficiently suppress tumor 4T1 cells through restraining their proliferation, blocking migration and invasion, and inducing apoptosis in vitro. In animal model we also demonstrated that AZD4547 was able to inhibit tumor growth and lung metastases, consistent with the decreased MDSCs accumulation in the tumor and lung tissues, respectively. Moreover, the reduced number of MDSCs in peripheral blood and spleens were also observed in the AZD4547-treated mice. Importantly, through the AZD4547 treatment, the CD4 + and CD8 + T-cells were significantly increased in tumor and spleens. Conclusion: Our studies showed that AZD4547 can inhibit breast cancer cell proliferation, induce its apoptosis and block migration and invasion in vitro and suppress tumor growth and lung metastases by modulating the tumor immunologic microenvironment in vivo.
Reductions in Myeloid-

Introduction
A recent epidemiological study shows that breast cancer is expected to account for about 29 % of all cancers among women in 2013 [1] . And its poor prognosis is always related to invasion and metastasis, which are typical features for breast cancer patients in their advanced tumor progression [2, 3] . In a typical metastasis process, tumor cells have to disseminate and intravasate into blood vessels at the primary tumor site, travel through the vascular systems, and then extravasate out from blood vessel to colonialize in the parenchyma of distal tissues. In the distant organ, they may escape from host immune surveillance to survive and grow [4] . Therefore, targeting any of these steps could be served as potential treatment for metastatic tumor including breast cancer.
On the other hand, the tumor microenvironment is now recognized as an important participant in tumor progression, particularly as it relates to invasive and metastatic progression. Consequently, targeting the tumor microenvironment has been the focus study for developing new anti-cancer therapies in recent years [5] . Myeloid-derived suppressor cells (MDSCs) expanded in pathological conditions are a heterogeneous population of activated immature myeloid cells (IMCs), and unable to fully differentiate into mature cells in such forms as macrophages, granulocytes, and dendritic cells [6] . The expansion of MDSCs is often associated with malignant tumor growth. These cells have been attributed to the regulation of angiogenesis, promotion of metastasis and induction of immune suppression [7, 8] . Importantly, the increased levels of circulating MDSCs are correlated extensively with metastatic tumor burden in patients with breast cancer [9] . MDSCs are usually defined as Gr-1 + /CD11b + cells in mice, which are unable to process and present antigens, and therefore are unable to induce tumor specific CD4
+ T-cells, CD8 + T-cells in T cell mediated immune responses against the tumor [10, 11] . Taken together, it is assumed that the elimination of these cells could significantly improve anti-tumor responses and enhance cancer immunotherapy efficacy.
Fibroblast growth factor receptors (FGFRs) belong to the receptor tyrosine kinase superfamily. Activation of FGFRs, through interaction with FGF ligands, plays several crucial roles in multiple biologic processes including tumor cells apoptosis, angiogenesis and migration. Deregulation of FGFR signaling has been reported in clinical samples of breast [12] , multiple myeloma [13] , endometrial [14] , gastric [15] , and prostate cancers [16] . AZD4547 is an orally bioavailable, potent and highly selective ATP-competitive smallmolecule inhibitor against FGFRs tyrosine kinase. Recently, it was reported that AZD4547 selectively inhibited FGFR1 amplification in non-small cell lung cancer [17] as well as FGFR2 amplification in gastric cancer [18] . In addition, AZD4547 is under investigation in breast cancer at Phase II clinical trial.
In this study, we showed that AZD4547 could inhibit breast cancer proliferation and metastasis, and induce its apoptosis in vitro. Importantly, we also found that AZD4547 suppressed 4T1 tumor growth and reduced MDSCs accumulation in lung, tumor, spleens and peripheral blood in vivo. In particular, we found that AZD4547could inhibited tumorinduced MDSCs accumulation while conversely elevated T-cells to suppress tumor metastasis and growth. Thus, our study uncovered a potential new mechanism for AZD4547 on its therapeutic application.
Materials and Methods
AZD4547
N-[5-[2-(3, 5-Dimethoxyphenyl)ethyl]-2H-pyrazol-3-yl]-4-(3, 5-diemthylpiperazin-1-yl) benzamide (AZD4547) was purchased from Selleck Chemicals (USA). For in vitro studies, AZD4547 was dissolved in dimethyl sulfoxide (DMSO) at a stock concentration of 20 mM and stored at -20 ℃. The working dosage was freshly diluted in the relevant medium to a final DMSO concentration of less than 0.1 %. For in vivo studies, mice were given AZD4547 (5 mg/kg) or vehicle control every other day by intraperitoneal injection. 
Cell proliferation assay
The cell viability of AZD4547 treated cell was performed by MTT assay. Briefly, the exponentially growing cells 2-4×10 3 cells in 100 μL mediums were seeded in 96-well plates for 24 hours. Then various concentrations of AZD4547 in 100 μL mediums were added to each well and incubate for 24, 48, 72 hours respectively. A volume of 20 μL of MTT solution (5 mg/ml) was added to each well and incubated for additional 2-4 hours. Finally the medium was discarded and 150 μL of DMSO was added to each well for 15-20 minutes. The absorbance of each well was measured at 570 nm wavelength with Spectra MAXM5 microplate spectrophotometer (Molecular Devices) and the percentage of inhibition was calculated. The results were obtained from at least three separate experiments.
Colony formation assay
To test the survival of 4T1 treated with AZD4547, the 4T1 cells (200-300 cells/well) were seeded in 6-well plates and incubated for 24 h at 37 ℃, followed by various concentrations of AZD4547 treatment (0-2 µM) for ten days with fresh medium. After washing with phosphate-buffered saline (PBS), colonies were fixed with 4 % paraformaldehyde and stained with 0.5 % crystal violet. Colonies with > 50 cells were counted under microscope.
Transwell invasion and migration assays
Invasion assay was conducted as previously described with some modifications [19] . Briefly, matrigel diluted 1 : 2 in serum-free medium was coated to the top chamber of 24-well transwell plate (8 µm pore size) for 90 min at 37 ℃. After matrigel polymerization, the bottom chambers were filled with 600 µL RPMI-1640 medium with 10 % FBS and the top chambers were seeded with 1×10 5 4T1 cells in 100 µL RPMI-1640 serum-free medium. Various concentrations of AZD4547 (0-10 µM) were added to top chambers and the plate were incubated for 24 h. The invasion was stopped by scraping non-migrated cells on the top chambers with a cotton swab and washed with PBS. Invaded cells were fixed with methanol and stained with 0.5 % Crystal Violet. Migration assay was performed according to previous studies with some modifications [20] . Briefly, the top chambers were seeded with 1×10 5 4T1 cells in 100 µL RPMI-1640 serum-free medium, and 600 µL RPMI-1640 medium with 10 % FBS was added at the bottom. Various concentrations of AZD4547 (0-10 µM) were added in both chambers and the plate were incubated for 24 h. Non-migrated cells on the top chambers were removed using a cotton swab and washed with PBS. Migrated cells were fixed with methanol and stained with 0.5 % Crystal Violet. Images were taken using a ZEISS digital microscope and with invading cells being counted by manual counting. Transwell invasion and migration assays were performed three times.
Cell apoptosis analysis by Flow Cytometry (FCM)
To further confirm the apoptosis inducing effect of AZD4547, the cell apoptosis was analyzed as described previously with slight modifications [21] . Briefly, 4T1 cells (1×10 Cells were stained with Annexin V-FITC and propidium iodide (PI) according to the supplier's instructions followed by detecting with FCM. Finally, the data were analyzed by Flow Jo software.
Western blot analysis
Western blot analysis was performed as described previously [22] . Cells were washed with cold PBS twice and lysed in RIPA buffer after treatment with AZD4547 for 48 h and the lysates were centrifuged at 13,000 g for 15 min at 4 ℃. The supernatant was harvested and the protein concentration was measured by the Lowry method. Equal amounts of total proteins were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene fluoride (PVDF) membranes. After electrophoresis, the membranes were blocked for 1 h at room temperature and incubated overnight at 4 ℃ with the respective primary antibodies followed by the secondary antibody conjugated to horseradish peroxidase. The immunostaining signal was identified using the enhanced chemiluminescence system (Amersham, Piscataway, NJ).
Animal models and drug administration
All mouse protocols were approved by the Animal Care and Use Committee of Sichuan University (Chengdu, Sichuan, China). For subcutaneous tumor model, 100 µL serum-free medium containing 1×10 
Analysis tissues by FCM and single-cell sorting
We prepared single-cell suspensions by mechanic dispersion of lung, tumor, spleens or peripheral blood tissues [23] . 1×10
6 freshly single-cell suspensions were prepared in PBS and were labeled with fluorescence-conjugated antibodies. We collected fluorescence data on FACSCalibur flow cytometer (BD Biosciences) and analyzed them using Flow Jo software.
Statistical analysis
Data were expressed as mean ± SD from three independent experiments. The 2-tailed Student's test was employed to assess the statistical significance of difference between control groups and AZD4547-treated groups. In all statistical analysis, *, p<0.05; **, p<0.01;***, p<0.001;
Results
AZD4547 inhibits tumor cell growth in vitro
In order to investigate the tumor cell growth inhibitory properties of AZD4547, we treated a panel of seven established cancer cell lines with AZD4547 for 24, 48, 72 hours respectively, and then assayed cell viability by MTT assay. In 4T1, MDA-MB-468 and HCT116 cell lines, the IC 50 of AZD4547 were calculated as 0.64 µM, 4.9 µM and 15.9 µM, respectively, and displayed relatively weak activities against other cancer cell lines (Table 1) . These results showed that among the tested tumor cell lines, 4T1 was the most sensitive one to AZD4547. For such regard, we chose this cell line for further experiments. Importantly, these results suggested that AZD4547 could selectively inhibit 4T1 cell proliferation in a concentrationand time-dependent manner (Fig. 1A) .
Effect of AZD4547 on clonogenicity of 4T1 cells
To further determine whether AZD4547 could inhibit the proliferation of 4T1, we conducted clonogenic assay after AZD4547 treatment. As shown in Fig. 1B , AZD4547 suppressed colony formation of 4T1 in a concentration-dependent manner. Furthermore, 
AZD4547 induces cell apoptosis
Previous studies have showed that AZD4547 significantly induced apoptotic in breast cell lines [24] . To elucidate the mechanism of AZD4547 to induce apoptosis in breast cancer in vitro, Annexin V-FITC and PI fluorescence staining was analyzed by FCM to further detect apoptosis. As Fig. 1C showed, the percentage of apoptosis cells increased from 8.3 % at 1.25 µM, to 13.5 % at 5 µM, to 38.7 % at 20 µM after 24 hours of drug exposure. The results indicated that AZD4547 induced apoptosis of 4T1 cells in a concentration dependent manner after 24 hours treatment. To further confirm whether AZD4547-induced apoptosis was associated with activation of caspase family proteins, we examined the expression of cleaved-caspase-3 in 4T1 cells after AZD4547 treatment for 48 hours by Western blot. As depicted in Fig. 1D , Western blot analysis revealed that the production of cleaved-caspase-3 was significantly increased in a concentration-dependent manner. These results suggested that the AZD4547 induced suppression of 4T1 tumor cells is mediated by induction of the apoptosis through increasing the matured caspase-3.
AZD4547 inhibits 4T1 cells migration and invasion in vitro
Fibroblast growth factors (FGFs), in a family of 23 different members, along with four tyrosine kinase FGF receptors, have been implicated in diverse cellular processes including cell apoptosis, adhesion and migration [25] [26] [27] . Recent studies showed that AZD4547 is a small-molecule FGFRs tyrosine kinase inhibitor [24] . Furthermore, the 4T1 mammary carcinoma is a transplantable tumor cell line that is highly tumorigenic and invasive and can spontaneously metastasize from the primary tumor in the mammary gland to multiple distant sites including lung, blood, lymph nodes and liver [28] . Taken together, it is imperative to research the ability of AZD4547 to inhibit 4T1 cell migration and invasion. The cell motility through an 8 µm pore size polycarbonate membrane was tested by migration assay. The cell motility and the ability of tumor cells to invade through a basement membrane model were evaluated by invasion assay [29] . Firstly, as shown in Fig. 2A , through the transwell assay to investigate the effects of AZD4547 on 4T1 cells migration, we found that AZD4547 strongly decreased the number of cells migrated from the top chambers to the bottom chambers, indicating the inhibition of AZD4547 on the 4T1 cells migration in a concentration-dependent manner. Similarly, AZD4547 also displayed an inhibited invasion capability according to the decreased number of invasive 4T1 cells (Fig. 2B) . As described below, we also examined the effects of AZD4547 on lung metastases in vivo.
Fig. 2. The effect of AZD4547 on 4T1 cells migration and invasion. 4T1 cells migration (A) and invasion (B)
were inhibited by AZD4547 in a dose dependent manner. Bars show mean ± SD for at least 3 independent experiments. Statistical significance was assessed by unpaired t test. *p < 0.05, **p < 0.01, ***p < 0.001.
Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry
Anti-tumor activity of AZD4547 in vivo
To determine AZD4547 anti-tumor activity in vivo, 4T1 cells were injected subcutaneously into the right flanks of BALB/c mice to establish xenografts, as shown in Fig.  3A and Fig. 3C , AZD4547 remarkably decreased 4T1 tumor volume by about 60 % compared with untreated groups. At the same time, AZD4547 treatment was well tolerated and did not cause significant loss in body weight (Fig. 3B) . Importantly, no obvious changes were observed, including serum biochemistry and hematology parameters (date not shown). Furthermore, accumulating evidence since the 1980s has demonstrated that MDSCs are significantly increased in spleens of animals bearing tumors and in conditions associated with impaired immune reactivity [30] . As shown in Fig. 3D and Fig. 3F , AZD4547-treated groups didn't induce large splenomegaly compared with the untreated groups, and only slightly large splenomegaly compared with normal groups.
AZD4547 blocks lung metastases
It has been shown that 4T1 mammary tumor model shares many characteristics with human breast cancer, especially both have a high lung metastatic potential [31] . Previous studies have suggested that 4T1 tumor lethality is due to early metastasis, among which lung metastases could better represent the level of 4T1 cells spreading throughout the mouse [31, 32] . Based on these considerations, when the tumor volume reached 1,000 mm 3 in size, mice were sacrificed. Lung weight was measured, metastatic lung nodules were counted, and each metastatic focus more than 3 mm in diameter was measured under the dissecting microscope. As shown in Fig. 4A and Fig. 4C , there was two-fold decrease in lung weight by the in AZD4547 treatment group compared to the untreated control. More interestingly, the number of lung metastatic nodules was significantly reduced after 20 days of AZD4547 treatment compared with vehicle (Fig. 4B) , which further supported the notion that AZD4547 treatment inhibited lung metastases.
It has been shown that MDSCs have been closely related with lung metastases in breast cancer [4, 27] . We therefore investigated whether AZD4547 inhibited lung metastases through inhibiting tumor-induced MDSCs accumulation in lung. To confirm it, we design FCM assay. Single cell suspensions from lung were harvested and MDSCs with Gr-1 + /CD11b + markers were analyzed. As shown in Fig. 4D , in untreated tumor-bearing mice, MDSCs made up to 53.1 % of lung cells, whereas the AZD4547 treatment reduced the proportion of Gr-1 + / CD11b + cells to 8.4 %.
AZD4547 mediated specific anti-tumor immunity.
It has been reported that MDSCs were closely related to a metastatic tumor burden in patients with breast cancer and they are significantly infiltrating and accumulating in lung, tumor, spleens and peripheral blood of tumor-bearing mice [8, 9] . Our data in the current study indicated that AZD4547 can inhibit lung metastases in mice bearing 4T1 tumors. We then investigated whether AZD4547 reduced MDSCs in tumor, peripheral blood and spleens was related to improving anti-tumor responses and cancer immunotherapy. Twenty days after the treatment, single cell suspensions from tumor, peripheral blood and spleens of 4T1 tumor-bearing mice were harvested to analyze the number of MDSCs. As shown in Fig. 5 , MDSCs in the peripheral blood, spleens and tumors were obviously decreased after AZD4547 treatment, consistent with the reduction of MDSCs in the lung in AZD4547-treated groups (Fig. 4) . These agree with previous results that AZD4547 treatment significantly reduced the weight of spleens as well as the nodule of lung metastatic compared with untreated groups. + myeloid cells isolated from 4T1 tumor-bearing mice after 20 days of treatment with AZD4547 or control. Statistical significance was assessed by unpaired t test. *p < 0.05, **p < 0.01, ***p < 0.001.
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AZD4547 treatment induced the production of CD4 + and CD8 + T-cells
To further elucidate the mechanism of AZD4547 to mediate specific anti-tumor immunity, we focus on the role of T-cells. In the study, single cell suspensions from the tumor and spleens tissues were harvested to analyze the change of proportions of CD4 + and CD8 + T-cells after AZD4547 treatment. As shown in Fig. 6 , the frequencies of CD4 + and CD8 + T-cells in the tumor sections were increased from 2.52 % and 1.35 % to 6.63 % and 2.05 % after AZD4547 treatment, respectively. In addition, the proportion of CD4 + and CD8 + T-cells in the spleen was also significantly increased to 13.34 % and 3.36 % from 6.91 % and 1.59 % after the treatment respectively. These data suggested that AZD4547 could also mediate specific anti-tumor immunity and efficiency through promoting the production and accumulation of CD4 + and CD8 + T-cells in vivo.
Discussion
AZD4547 is a selective small-molecule inhibitor against the tyrosine kinase of FGFRs. In light of previous reports, it could significantly inhibit FGFR phosphorylation and repress proliferation of non-small cell lung cancer, breast cancer and gastric cancer cell lines via inhibition of FGFR signaling and it is now under phase II clinical study in human subject breast cancer [17, 18] . However, there have been few reports regarding the corresponding molecule mechanism of AZD4547 against breast cancer. Importantly, it is unknown as to Previous studies have identified FGFRs overexpression in breast cancer [33, 34] . In addition, it has been reported that inhibiting FGFRs signaling in the melanoma cells lead to tumor growth inhibition via massive induction of cell apoptosis [35] . Consistently, here we found that AZD4547 can induce apoptosis of 4T1 cells. It is unknown as to how AZD4547 promotes apoptosis of 4T1 cells. It is openly possible that AZD4547 may inhibit the activity of FGFRs, which is essential to restrain apoptosis and critical for the tumor cell survival.
Breast cancer comprises a heterogeneous group of malignancies derived from the ductal epithelium, which has a high metastatic potential, especially to lung [5, 26] . The microenvironment of breast cancer is now recognized as a critical participant in tumor progression and metastasis [5, 36] . Accumulating evidences since the 1980s has demonstrated that number of MDSCs is strongly increased in the lung of breast tumor-bearing mice and in conditions they are associated with impaired immune reactivity. These cells are also found in the peripheral blood and spleens of lung, breast, head and neck cancer patients [30] . Non-immunological functions of MDSCs have also been described, such as the promotion of tumor-cell invasion and metastasis and tumor angiogenesis [8] . Transwell assay indicated that AZD4547 displayed inhibitory effects on 4T1 cells invasion and metastasis in vitro. In addition, we also investigated the anti-tumor effect of AZD4547 using 4T1 tumor model in vivo, which is a syngeneic mouse mammary carcinoma model that spontaneously develops lung metastases [4] . The results suggested that AZD4547 significantly inhibited tumor MDSCs represent an intrinsic part of the myeloid-cell lineage that is comprised of myeloid-cell precursors and progenitors of myeloid cells [7] . Immunological function of MDSCs is to suppress T-cells proliferation. To such regard, we investigated whether enhanced number of T-cells was due to suppressing the infiltration and accumulation of MDSCs in the tumor, peripheral blood and spleens after AZD4547 treatment. The current studies showed that not only number of MDSCs was decreased from 51.5 % to 35.9 % and 67.4 % to 51.3 % in spleen cells and peripheral blood mononuclear cells of tumor-bearing mice but also proportion of CD4 + and CD8 + T-cells in the tumor and spleens was increased after AZD4547 treatment, respectively, which displayed that AZD4547 strikingly reduced the expansion of MDSCs, resulting in increased CD4
+ and CD8 + T-cells responses. In summary, our data indicated that AZD4547 was effective in inhibiting tumor growth and lung metastases without obvious side effect in the 4T1 tumor-bearing mice. To the best of our knowledge, the relevant mechanism study of AZD4547 on breast cancer demonstrated that AZD4547 suppressed tumor metastasis and subsequent growth through inhibiting tumor-associated MDSCs accumulation to restore the CD4 + and CD8 + T-cells, makes AZD4547 an attractive therapeutic candidate for breast cancer. 
